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COORDINATE MEASURING MACHINE AND
METHOD FOR COMPENSATING FOR
LARGE WORKPIECE MASSES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a continuation application of International patent
application PCT/EP2015/077366, filed Nov. 23, 2015,
which claims the priority of German patent apphcatlon DE

102014 117 244.2, filed Nov. 25, 2014. The contents of both
priority apphcatlons are 1ncorp0rated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates to a coordinate measuring,
machine with a measuring system for measuring a work-
piece, a carrier structure for carrying the measuring system,
and a base plate for supporting the workpiece, wherein the
carrier structure 1s movably guided at least in one direction
on the base plate, and wherein the coordinate measuring
machine also has a first support system with at least three
supports for supporting the base plate.

The present invention also relates to a method for com-
pensating for large workpiece masses on a coordinate mea-
suring machine.

A coordinate measuring machine 1s for example shown 1n
document DE 102 29 823 Al.

Coordinate measuring machines are generally known 1n
the prior art. They serve the purpose of determining coor-
dinates of workpieces with high precision. In this way, for
example, individual points, point paths, dimensions and/or
forms of the workpiece can be determined or checked with
high precision. Such coordinate measuring machines are
used for example 1n quality assurance or 1n areas of activity
such as “reverse engineering’”.

In the case of coordinate measuring machines, a measur-
ing system, for example a measuring system operating on a
tactile and/or optical basis, 1s coupled to a carrier structure,
which makes i1t possible for the measuring system to be
moved and aligned within a measuring space. Very many
different types of carrier structures are known 1n principle,
for example gantry constructions, horizontal-arm systems,
table measuring devices and all other types of robot-assisted
measuring systems, to name just a few examples. The carrier
structure 1s 1n this case generally arranged on a base plate,
in relation to which the carrier structure 1s relatively mov-
able. Then, the workpiece to be measured 1s also arranged on
the base plate.

The high-precision measuring requirements require a
horizontal alignment of the base plate and retention of this
alignment during a measuring operation. This means not
only a possible damping of vibrations occurring, but also
compensation for changing forces ol weight applied to the
base plate. Such changing of the forces of weight applied
may be caused for example by placing on a workpiece or
clse by moving the carrier structure in relation to the base
plate.

The document DE 38 088 71 Al proposes a coordinate
measuring machine that 1s produced 1n a welded-steel con-
struction and has a compact base frame with welded-1n and
hardened guides and also a measuring table plate welded
into the base frame. The entire base frame 1s intended to rest
on a total of four air spring elements.

A dynamic 1nclination correction has also been proposed
for coordinate measuring machines, 1n the form of a method
for determining at least one coordinate of a structure 1n the
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measuring volume of a coordinate measuring machine
mounted on supports with variable inclination, which com-

prises the steps of determining a measured value for the at
least one coordinate, determining a value for the inclination
of the coordinate measuring machine and correcting the
measured value for the at least one coordinate 1n dependence
on the determined value for the inclination of the coordinate
measuring machine. By controlling the supports, formed as
air springs, in a control circuit, 1t 1s intended that an
inclination of the coordinate measuring machine 1s reduced.

Nowadays, support systems for coordinate measuring
machines are generally designed as a three-point bearing
system or reduced four-point bearing system with three or
four air spring elements. The base plates are 1n most cases
made of granite. For example, coordinate measuring
machines of a gantry construction may nowadays be
designed with large dimensions, which also makes the
measuring of large workpieces possible. Large dimensions
of the workpieces are also accompanied by correspondingly
high masses and weight forces, which may well lie 1 the
range of one to several tonnes. I at least one guide for the
carrier structure of the measuring system 1s provided directly
on the base plate, undesired measuring deviations may occur
when measuring such workpieces with high masses and
consequently resultant high weight forces on the base plate.

It 1s therefore an object of the present invention to provide
a coordinate system that has an improved support system.

SUMMARY OF THE INVENTION

According to one aspect of the invention, therefore, a
coordinate measuring machine with a measuring system for
measuring a workpiece, a carrier structure for carrying the
measuring system and a base plate for supporting the
workpiece 1s proposed, wherein the carrier structure is
movably guided at least in one direction on the base plate,
and wherein the coordinate measuring machine also has a
first support system with at least three supports for support-
ing the base plate, and wherein the coordinate measuring
machine also has a second support system and a control
device for controlling the second support system dependent
on a force application to the first support system.

The control device 1s consequently designed in such a
way that 1t controls the second support system dependent on
a force application to the first support system. The wording
“dependent on a force application to the first support sys-
tem” does not necessarily mean a direct dependence on a
force application. There 1s consequently no need for a direct
measurement of the force application and input into the
control device of a varniable representing a force. An indirect
dependence on the force application 1s also comprised. A
variable indirectly representing the force application, for
example a pressure, a deformation or a movement, may also
be mput ito the control device.

It has been found that workpieces with large workpiece
masses cause great weight forces to be applied to the base
plate, resulting 1n a deformation of the base plate. Since at
least one guide of the carrier structure 1s arranged directly on
the base plate, these deformations are transmitted directly to
the corresponding guide. This results 1n turn 1n deviations in
guidance, which are ultimately reflected in measuring devia-
tions or measuring errors on the coordinate measuring
machine.

It 1s therefore proposed to provide a second support
system, which 1s controlled by a control device. The force
applied to the first support system 1s picked up by the control
device. This force applied indicates high workpiece masses
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and possible moments applied as a result of arranging the
workpiece on the base plate. The control device can then
compensate for the intfluence of a large workpiece mass, at
least with respect to the weight forces, by means of the
second support system controlled by 1t. With a correspond-
ing refinement of the second support system likewise as a
three-point bearing system, 1t 1s possible to compensate
particularly well for high weight forces being applied as a
result of large workpiece masses. With a refinement of the

second support system with four supports, wherein each
support 1s individually or separately controllable 1n a closed-
loop manner, it 1s additionally possible to compensate like-
wise for moments induced by the workpiece. This provides
a successiul way of determining high weight forces applied
to the first support system as a result of large workpiece
masses, and any moments applied, and intervening in a
controlled assisting and compensating manner by means of
the second support system. In this way deformations of the
base plate and resultant deviations 1n guidance and measur-
ing errors can be avoided.

According to a further aspect of the invention, a method
for compensating for large workpiece masses on a coordi-
nate measuring machine with a measuring system for mea-
suring a workpiece, a carrier structure for carrying the
measuring system and a base plate for supporting the
workpiece 1s proposed, wherein the carrier structure 1s
movably guided at least 1n one direction on the base plate,
and wherein the coordinate measuring machine also has a
first support system with at least three supports for support-
ing the base plate, a second support system and a control
device for controlling the second support system dependent
on a force application to the first support system, and
wherein the method comprises the steps of calibrating a
reference state ol the base plate by means of the first support
system, arranging on the base plate a workpiece to be
measured by means of the coordinate measuring machine,
determining variables that represent the forces applied to the
at least three supports of the first support system by the
workpiece, and controlling the second support system by
means of the control device 1n such a way that the reference
state 1s restored.

In this way it 1s possible to compensate by means of the
second support system for the forces and moments applied
by the workpiece. The reference state of the coordinate
measuring machine arranged without the workpiece 1s cali-
brated at the outset. For example, 1n the case where the first
support system 1s provided by means ol air springs, in
particular mechanically controlled air springs, the pressures
prevailing in the air springs in the reference state may be
determined. The reference state has in particular a horizon-
tally aligned base plate. Loading by means of a large
workpiece mass mevitably leads to an increase 1n pressure in
the supports of the first support system configured as air
springs. This deviation from the reference state can be
determined and compensated by means of the second sup-
port system 1n such a way that the pressure states of the
reference state are restored in the air springs of the first
support system. High weight forces of the workpiece are
consequently additionally taken up by the second support
system and moments applied are compensated. Also 1n this
way, deformations of the base plate and resultant deviations
in guidance and measuring errors are avoided.

It may be provided in one refinement of the coordinate
measuring machine that the at least three supports of the first
support system are respectively formed by a main air spring
device.
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In this way, the at least three supports of the first support
system are respectively formed by one or at least one air
spring. The term “main air spring device” in this case
presupposes that an “air spring device” may have at least one
air spring, but in particular also a number of air springs. The
term “main air spring device” has been chosen here merely
to differentiate terminologically between the air spring
devices of the first support system and the “secondary air
spring devices” of the second support system. The words
“main” and “secondary” do not have any further signifi-
cance. In this way, a three-point bearing system or for
example a reduced four-point bearing system 1s provided by
means of air springs as the first support system. It goes
without saying that other damping and/or spring systems are
also concetrvable 1n principle for the first support system, for
example hydraulic springs, mechanical systems such as
spindles or levelling shoes.

It may be provided 1n a further refinement of the coordi-
nate measuring machine that the first support system has at
least three control valve arrangements for controlling the at
least three main air spring devices, in particular wherein the
at least three control valve devices are in each case a
mechanical control valve arrangement.

In this way it 1s provided that the first support system
attempts for example to retain an mnitially calibrated basic
horizontal alignment of the base plate. In particular 1n the
case of a mechanical control valve arrangement, 1t 1S pos-
sible here to implement an automatic control, 1 which,
although an increased force applied would result in an
increase in the air spring pressure, the positioning and
horizontal alignment can be retained. In this way, the relative
positioning of the at least three support points of the first
support system can be retained.

It may be provided in a turther refinement of the coordi-
nate measuring machine that the first support system has
four main air spring devices, wherein a first and a fourth
main air spring device are assigned a shared first control
valve arrangement, wherein a second main air spring device
1s assigned a second control valve arrangement, and wherein
a third main air spring device 1s assigned a third control
valve arrangement.

In this way, a reduced four-point bearing system 1s
provided. Combining the first and fourth main air spring
devices makes 1t possible to avoid an over-determination of
the system. The first and fourth main air spring devices are
jointly controlled. At the same time, a more secure support
of the base plate 1s provided.

It may be provided 1n a further refinement of the coordi-
nate measuring machine that the first support system has at
least three force application sensors for determining a vari-
able that represents a force applied to at least one support,
in particular wherein the determined variable 1s an air
pressure.

In this way 1t 1s possible to determine a force applied to
the first support system. This may take place for example by
a direct determination of the force, but for example also by
indirect determining. Indirect determiming can be realized
for example by means of displacement pickups, for example
strain gages or moving coils. Preferably, an air pressure that
can be used to conclude the force applied 1s determined 1n
a main air spring device. The forces applied can in turn be
used to conclude the workpiece mass and then a decision can
be made i1n the control device as to the necessity for
providing assistance by the second support system, and if so
what kind of assistance.
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It may be provided 1n a further refinement of the coordi-
nate measuring machine that each control valve arrangement
of the first support system 1s assigned a sensor.

In this way a dedicated control circuit for each control
valve arrangement can be closed by means of the corre-
sponding sensor.

It may be provided in a further refinement of the coordi-
nate measuring machine that the second support system has
at least one secondary air spring device, which forms a
support of the second support system.

Also 1n the second support system, therefore, the support
or supports of the second support system may be respec-
tively provided by an air spring device, wherein each air
spring device may have one or more air spring elements.
Here, too, other types of supports are conceivable 1n prin-
ciple, as long as they can be controlled by means of a control
device, 1n particular can be controlled in their height. For
example, here, too, hydraulic supports or mechanically
controllable supports are conceivable, such as for example
levelling shoes or else spindle devices.

It may be provided in a further refinement of the coordi-

nate measuring machine that the second support system has
at least three supports, and wherein each support 1s formed
by a secondary air spring device.
In this way, the second support system 1s also provided as
a three-point bearing system or for example as a reduced
four-point bearing system, so that the second support system
1s also definitely determined, and furthermore inclinations or
moments caused by the second support system can be
compensated by corresponding control.

It may be provided in a further refinement of the coordi-
nate measuring machine that the second support system has
at least three control valve arrangements for controlling the
at least three secondary air spring devices, 1 particular
wherein the at least three control valve arrangements are in
cach case an electronic control valve arrangement.

Also 1n this way a dedicated control circuit with an
associated control valve arrangement can be provided for
cach secondary air spring device. In particular, each control
valve arrangement 1s provided as an electronic control valve
arrangement, which can then be activated by the control
device.

It may be provided 1n a further refinement of the coordi-
nate measuring machine that the second support system has
four secondary air spring devices, wherein a first and a
fourth secondary air spring device are assigned a shared first
control valve arrangement, wherein a second secondary air
spring device 1s assigned a second control valve arrange-
ment, and wherein a third secondary air spring device 1s
assigned a third control valve arrangement.

In this way, a reduced four-point bearing system can also
be provided for the second support system. In this way it 1s
possible 1n particular to compensate for high weight forces
by the second support system. In particular in connection
with a correspondingly configured first support system,
which 1s for example likewise configured as a reduced
four-point bearing system, ellective compensation can be
provided 1n this way, since for example a respective main air
spring device can be assigned a corresponding secondary air
spring device.

It may be provided in a further refinement of the coordi-
nate measuring machine that the second support system has
at least four secondary air spring devices, wherein the
coordinate measuring machine also has a number of control
valve arrangements corresponding to the number of second-
ary air spring devices, and each control valve arrangement
1s assigned to precisely one secondary air spring device.
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In this way 1t 1s possible for the second support system
also to be provided as a genuine four-point bearing system,
in which each of the secondary air spring devices 1s sepa-
rately controllable 1n a closed-loop or open-loop manner. In
this way 1t 1s possible to compensate for high weight forces
and also moments by the second support system. Also 1n
connection with a first support system, which 1s for example
likewise configured as a reduced four-point bearing system,
ellective compensation can be provided in this way. For
example, the second support system may have four second-
ary air spring devices, wherein a first secondary air spring
device 1s assigned a first control valve arrangement, wherein
a second secondary air spring device 1s assigned a second
control valve arrangement, wherein a third secondary air
spring device 1s assigned a third control valve arrangement,
and wherein a fourth secondary air spring device 1s assigned
a fourth control valve arrangement. In particular, four sec-
ondary air spring devices may be arranged 1n such a way that
they are arranged at the corner points of a rectangle, in
particular an imaginary rectangle. This makes simple com-
pensation for moments possible on the basis of two axes that
are perpendicular to one another.

It may be provided 1n a further refinement of the coordi-
nate measuring machine that a number of supports of the
first support system corresponds to a number of supports of
the second support system, and wherein a number of control
valve arrangements of the first support system corresponds
to a number of control valve arrangements of the second
support system, and wherein a number of control valve
arrangements of the first support system corresponds to a
number of force application sensors for determining a vari-
able that represents a force applied to at least one support of
the first support system.

In this way, the first support system and the second
support system are provided 1n a corresponding refinement.
This makes it possible to keep the compensation for the
force applied to the first support system by the second
support system simple in terms of technical control aspects.

It may be provided in a turther refinement of the coordi-
nate measuring machine that the supports of the second
support system are arranged between the supports of the first
support system on the base plate.

As described at the outset, 1t 1s intended in particular to
avoid bending of the base plate caused by high weight forces
of the workpiece. This bending will occur 1n particular
between the supports of the first support system 1f they are
spaced relatively far apart from one another. It 1s therefore
advantageous 1n particular to arrange the support of the
second support system between the supports of the first
support system 1n order to compensate for these istances of
bending. In this case, the term “between” should not nec-
essarily be understood as meaning that a support of the
second support system must be arranged on a straight line
between two supports of the first support system, but rather
that the supports of the second support system should be
arranged within a region, or a region enclosed by the
supports of the first support system.

It may be provided 1n a further refinement of the coordi-
nate measuring machine that the supports of the first support
system create a supporting area on the base plate, wherein
the supports of the second support system are arranged
within the supporting area on the base plate.

As stated above, a supporting area created by the support
of the first support system may be defined on the base plate.
The supports of the second support system should then
preferably be arranged on the base plate within this sup-
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porting area. In this way, instances of bending of the base
plate can be eflectively avoided.

It may be provided in a further refinement of the coordi-
nate measuring machine that the base plate has a geometrical
center, and wherein a greatest distance of a support of the
second support system from the geometrical center 1s less
than a smallest distance of a support of the first support
system from the geometrical center.

In this case, the base plate 1s usually configured as a
rectangular plate, so that the geometrical center lies at the
point of intersection of the two diagonals of the base plate.
In order to avoid deformations of the base plate, it 1s
advantageous to arrange the second support system or the
supports thereol closer to the geometrical center than the
supports of the first support system. This also serves the
purpose ol avoiding deformations caused by high weight
forces.

It may be provided in a further refinement of the coordi-
nate measuring machine that an area enclosed by the sup-
ports of the second support system includes a geometrical
center of the base plate, in particular wherein the area
enclosed by the supports of the second support system
corresponds to between 20% and 40% of the size of an area
enclosed by the supports of the first support system.

Strictly speaking, the geometrical center of the base plate
lies 1in the interior of the base plate, since 1t has a certain
thickness. By contrast, the area enclosed by the supports of
the second support system lies on a surface of the base plate.
In this sense, the “inclusion” of the geometrical center is
intended to mean that the perpendicular projection of the
geometrical center onto this surface of the base plate means,
which the supports of the second support system or of the
first support system are arranged. The second support system
1s therefore arranged close to this geometrical center and
encloses a small area 1n comparison with the area of the first
support system. This may likewise preferably serve the
purpose of eflectively avoiding deformation of the base plate
between the supports of the first support system.

It may be provided in a further refinement of the coordi-
nate measuring machine that the carrier structure 1s a gantry
construction, i particular wherein the gantry construction
has a gantry movably guided 1n a first direction on the base
plate, a carrtage movably guided in a second direction,
perpendicular to the first direction, on the gantry and a quill
movably guided 1n a third direction, perpendicular to the first
and second directions, on the carriage.

In this way, the carrier structure has a customary gantry
construction with a gantry, a carriage and a quill. This makes
it possible for a measuring system to be movable 1 three
dimensions 1n the measuring space. In particular 1n the case
of this type of carrier structure, deviations 1n guidance and
measuring inaccuracies can be avoided particularly etlec-
tively since the gantry 1s guided directly on the base plate.

It may be provided in a further refinement of the proposed
method that, before the controlling step and after the deter-
miming step, 1t 1s established that the forces applied by the
workpiece to the at least three supports of the first support
system lie above a predetermined threshold value.

In this way 1t may be provided that the second support
system only becomes “active” and 1s controlled 11 1t 1s
established that a workpiece with a large mass and resultant
very high weight forces 1s actually arranged on the coordi-

nate measuring machine.
It 1s understood that the atorementioned features and

those yet to be explained below may be used not only 1n the
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respectively specified combination but also 1n other combi-
nations or on their own, without departing from the scope of
the present invention.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

Embodiments of the invention are shown 1n the drawing
and explained 1n more detail 1n the following description. In
the figures:

FIG. 1 shows a schematic view of an embodiment of a
coordinate measuring machine,

FIG. 2 shows a schematic 1sometric view of a further
embodiment of a coordinate measuring machine,

FIG. 3 shows an exemplary schematized representation of
supports of the first and second support systems,

FIG. 4 shows a representation of a possible arrangement
of the supports of a first and a second support system, 1n
particular 1n a coordinate measuring machine as shown in
FIG. 2, and

FIG. 5 shows an embodiment of a method for compen-
sating for large workpiece masses on a coordinate measuring,
machine.

DETAILED
PREFERRED

DESCRIPTION OF TH.
EMBODIMENTS OF T
INVENTION

T
T

FIG. 1 shows a coordinate measuring machine 10 accord-
ing to one embodiment. The coordinate measuring machine
has a measuring system 12, which may for example have an
optical sensor and/or a tactile sensor. The measuring system
12 serves for measuring coordinates ol a workpiece 14. The
workpiece 14 1s arranged on a base plate 16 of the coordinate
measuring machine 10.

Provided on the base plate 10 1s a guide 18, to which a
carrier structure 20 1s coupled. Likewise coupled to the
carrier structure 20 1s the measuring system 12, which in this
way can be moved spatially. In the embodiment shown, the
guide 18 serves for example for a movement 1 the Y
direction, so that, by movement of the carrier structure 20,
the measuring system 12 can likewise be moved 1n the Y
direction.

The coordinate measuring machine 10 has a first support
system 28, which 1 the embodiment shown has three
supports 22, 24 and 26, so that there 1s a definite three-point
bearing of the coordinate measuring machine 10 on a base
34. In order to avoid instances of bending of the base plate
16 caused by high mass of the workpiece 14, a second
support system 1s also schematically shown and denoted by
the reference sign 30. The coordinate measuring machine 10
also has a control device 32, which controls the second
support system 30. The forces applied to the supports 22, 24,
26 of the first support system 28 are determined at least
indirectly 1n the form of a variable representing the corre-
sponding force and are input into the control device 32. In
this case, a variable representing the force that 1s corre-
spondingly applied to the respective support 22, 24, 26 may
be determined at each support 22, 24, 26 and input into the
control device. The vaniable may be for example the force
directly, but also an indirect variable. For example 1n the
case where the supports 22, 24, 26 are formed as air springs,
this may take place 1n the form of a measured pressure.

The arrangement of the supports 22, 24, 26 should be
understood as merely by way of example and also takes
place for example offset in the Y direction, 1.e. perpendicu-
larly to the plane of the drawing, 1n order to make possible
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a corresponding bearing of the base plate likewise extending
in the Y direction perpendicular to the plane of the drawing,
in particular a rectangular base plate 16. As a consequence
of this, also merely the arrangement of the second support
system 30 should be understood merely schematically. The
second support system may have at least one support, 1n
particular at least three supports. In this way 1t 1s possible in
the case of correspondingly high weight forces applied to the
supports 22, 24, 26 of the first support system 28 to
determine the weight forces and to 1nitiate an actuation of
the second support system 30 by the control device 32 in
order to further support the base plate 16 and avoid defor-
mation thereof. Furthermore, moments and inclinations in
the base plate 16 that are caused by a possibly unsymmetri-
cal arrangement of the workpiece can be compensated by the
second support system 30.

A Cartesian coordinate system 36 1llustrates the spatial
directions. The base plate 16 extends in the X direction and
the Y direction. Runming perpendicularly thereto 1s the Z
direction.

FIG. 2 shows a further embodiment of a coordinate
measuring machine 10. The same eclements have been
denoted by the same reference signs and are not being
explained again below.

The coordinate measuring machine 10 of FIG. 2 has a
gantry construction as a carrier structure 20. The carrier
structure therefore comprises a gantry 38, which 1s movable
relative to the base plate 16 1n the Y direction along a guide
18. The mobility 1s indicated by corresponding arrows. A
carriage 40 1s movable 1n relation to the gantry 38 in the X
direction. This mobility 1s also schematically indicated by
arrows. A quill 42 1s 1 turn arranged movably 1n the Z
direction 1n the carriage 40. Arranged on the quill 1s the
measuring system 12. In this way, the measuring system 12
1s movable 1n relation to the base plate 16 1n all three spatial
directions X, Y and Z by means of the carrier structure 20.
Arranged on the base plate 16 1s likewise the workpiece 14.

Provided for determining the position of the gantry, the
carriage and the quull are scales and corresponding displace-
ment pickups, which are connected to the control device 32
and mput corresponding values into the latter. Only a scale
44 and a displacement pickup 46, which may serve for
determining a position of the carriage 40 with respect to the
gantry 38, are schematically illustrated. Corresponding fur-
ther scales and displacement pickups for determining the
position of the gantry in relation to the base plate 16 or of
the quill 42 1n relation to the carriage 40 are not shown for
reasons of overall clarity.

Also schematically shown 1s a force application sensor
48, which serves for determining a variable representing a
force. In the embodiment shown, the supports 22, 24 and 26
of the first support system 28 are designed as air spring
devices. These have 1n each case at least one air spring. In
particular, the supports of the first support system have
mechanical-pneumatic control valves. These will be briefly
explained below. For example, in this case the force appli-
cation sensor may be designed as a pressure sensor, which
measures the pressure within the respective spring element.
The pressure occurring can be used to conclude the force
applied to the spring element. It goes without saying that
corresponding force application sensors may also be pro-
vided on the supports 22 and 26. To this extent, the base
plate 16 1s supported on the base 34 by means of the first
support system 28.

It 1s possible 1n principle that, 1n addition to the force
application sensors 48, there may also be provided {for
example an inclination sensor 30, which directly determines
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an inclination of the base plate 16. In addition or as an
alternative to such an inclination sensor 50, there may also
be provided on the base plate 16 displacement pickups (not
shown), which determine a lowering of the base plate 16 at
certain points, in particular at or near the supports 22, 24, 26.
In this way, an inclination of the base plate 16 may be
determined and possibly compensated, possibly redun-
dantly.

Also schematically represented are two supports 32, 54 of
the second support system 30. As will be explained below,
the second support system 30 may in principle also have a
third support and a fourth support, which are not shown
however 1n FIG. 2 for reasons of the view. The same applies
to the first support system 28, which may also have a fourth
support.

In the case of a very large mass of the workpiece 14, it
may happen that the base plate 16 1s deformed. Such large
workpiece masses, with which there 1s a risk of deformation
of the base plate 16, may be determined by means of the
force application sensor or sensors 48. Then the second
support system 30 may be used to compensate for such a
deformation by means of the control device. It 1s preferable
in this case, as can be seen 1n FI1G. 2 and as will be explained
in more detail below in connection with FIG. 4, that the
second support system 30 1s arranged between the supports
22, 24, 26 of the first support system 28. A large mass of the
workpiece 14 will primarily lead to bending between the
supports 22, 24 and 26, which can then be compensated by
means of the supports 52, 54 of the second support system
30. In the case of an eccentric or unsymmetrical arrangement
of the workpiece 14, there may additionally be great loads
on the base plate 16 and on the first support system 28 1n the
form of moments, which can then likewise be compensated
by means of the second support system.

In particular, the control by the control device 32 may take
place 1n such a way that a reference state of the first support
system 28, calibrated without the workpiece 14, and an
associated application of force to the first support system 28
can be restored. The second support system 30 i1s then
consequently intended only to receive the forces applied by
the workpiece 14 and compensate for any moments intro-
duced.

FIG. 3 schematically shows a possible structure both of a
support with a mechanical control valve arrangement and of
a support with an electronic control valve arrangement. This
structure 1s described below merely by way of example on
the basis of a single support 22 of a first support system,
which has a mechanical control valve arrangement. In the
present example, this 1s assigned a support 52 of the second
support system 30, which has an electronic control valve
arrangement.

In the embodiment represented, the electronic control
valve arrangement 52 has an air spring device with an air
spring. The air spring has a main body 56, which 1s for
example formed of metal and 1s adjoined by a membrane 58,
which by corresponding variation of an internal pressure P2
can be made to bulge outward and be varied 1n 1ts ultimate
supporting height 60. In this way, the height of the base plate
16 can be varied at corresponding support points.

Two valves 66, 68 are coupled to the interior space
enclosed by the main body 56. These close or open a
respective pressure chamber 62, 64. In the pressure chamber
62 there 1s a pressure P1, which 1s less than the pressure P2.
In the pressure chamber 64 there 1s a pressure P3, which 1s
greater than the pressure P2. In this way, the pressure P2
within the main body 56 can be varied by electronic switch-
ing of the valves 66, 68 by means of the control device 32.
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The support 22 of the first support system 28 has a
mechanical control valve arrangement. Corresponding pres-
sure chambers 62' and 64' have the pressures P1 and P3. For
example, 1t may well be provided to connect all of the air
springs to the same pressure reservoirs. The support 22
likewise has a main body 72, which 1s coupled to a corre-
sponding membrane 74. However, a plunger 76 that 1s
lowered or raised according to the height of the base plate 16
1s provided. Coupled to this plunger 76 1s a mechanical
kinematic mechanism 68, which 1s only schematically
shown. Depending on the position of the plunger, this
mechanism operates a valve 66' or 68'. Consequently, 11 the
plunger 76 1s moved out of a calibrated reference position,
either the pressure in the interior space of the support 22 1s
raised or 1t 1s lowered. Thus, for example, the return to the
once-calibrated reference position can be mechanically pro-
vided. Therefore, a pressure 1n the support can be deter-
mined by means of a pressure sensor 80 and can be used
indirectly to determine the force acting on the support 22, so
that this 1s available to the control device 32 for controlling
the assigned support 52 of the second support system 30.

Also represented by way of example 1s a displacement
pickup 70. This may be additionally provided for determin-
ing the position of the base plate 16, 1n order to determine
the position thereotf, possibly redundantly, and also to be
able 1 this way possibly to conclude forces applied to the
support. Such a displacement pickup may transmit a mea-
sure of the deflection of the corresponding support. In
particular, a number of such displacement pickups may be
arranged on the base plate 16, 1n order also to determine an
inclination of the base plate, likewise redundantly with the
aforementioned 1nclination sensor.

FIG. 4 shows a schematic view of the arrangement of the
supports 22, 24, 26 and 27 of the first support system 28 and
of the supports 52, 53, 54, 55 of the second support system
30 on the base plate 16, 1n particular the base plate 16 of the
coordinate measuring machine 1 FIG. 2. This 1s explained
by way of example on the basis of a view of the base plate
from below, 1.e. looking in the positive Z direction.

Shown 1n FIG. 4 are the base plate 16, the control device
32 and a control application 80 that 1s possibly provided for
controlling the second support system 30 and/or also the first
support system 28.

The supports 22, 24, 26 and 27 of the first support system
28 are provided relatively far apart from one another as a
reduced four-point bearing system. The first support 22 and
the fourth support 27 are controlled by means of a shared
control valve arrangement 84. The support 24 1s controlled
by means of a mechanical control valve arrangement 85 and
the support 26 i1s controlled by means of a mechanical
control valve arrangement 86. The {first support system
formed 1n this way can be used to retain a once-calibrated
horizontal alignment of the base plate 16. A pressure existing,
in the supports, which represents a measure of the force
applied to the supports 22, 24, 26 and 27, can be determined
by means of pressure sensors 92, 93 and 94. The pressure
sensors enter the measured values into the control device 32.

The deformation of the base plate 16 when there are high
workpiece masses would correspondingly occur with pret-
erence between the supports. A bending consequently occurs
primarily 1n a space between the supports 22, 24, 26 and 27.
A supporting area 102, which the supports 22, 24, 26 and 27
create between themselves, 1s therefore shown in FIG. 4 and
denoted by 102. The second support system 30 1s therefore
preferably provided within this supporting area 102. The
supports 32, 33, 54 and 535 of the second support system 30
therefore lie within the supporting area 102. The supports
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52, 53, 54 and 55 are respectively formed as electronically
controlled spring devices. They are likewise arranged as a
reduced four-point bearing system. An electronic control
valve 88 controls the first support 52 and the fourth support
55. An ce¢lectronic control valve 89 controls the second
support 53 and a further electronic control valve 90 controls
the third support 54. The supports 22, 24, 26 and 27
therefore respectively form a main air spring device. The
supports 52, 33, 54 and 335 respectively form a secondary air
spring device.

In an alternative refinement, the supports 32, 53, 54 and
55 may also be formed as a genuine four-point bearing
system. An electronic control valve 88 then only controls the
first support 52. An electronic control valve 89 controls the
second support 53. An electronic control valve 90 controls
the third support 54. A further electronic control valve (not
shown) then controls the fourth support 55. The fourth
support 535 1s likewise controlled 1n a closed-loop or open-
loop manner by the control device 32. Thus, a four-point
bearing system 1s provided, in which each support 52, 53, 54
and 55 can be individually or separately controlled 1n a
closed-loop manner. This makes particularly good compen-
sation for moment loads possible.

The secondary air spring devices 32 to 55 also enclose an
area between themselves, which 1s denoted by 104. In
particular, this area includes the geometrical center or the
perpendicular projection 96 thereot onto the surface of the
base plate 16 on which the supports lie. As a result of the
arrangement shown, a maximum distance 98 of one of the
supports 52 to 55 from this geometrical center 96 1s less than
a minimum distance of the supports 22, 24, 26, 27 from the
geometrical intermediate center 96, which 1s denoted by
100. The supports 32 to 55 consequently lie within or
“between” the supports 22, 24, 26 and 27. The supports 52
to 35 are also arranged closer together around the geometri-
cal center 96, so that the area 104 amounts to 20% to 40%
of the supporting area 102, in particular 25%, 30% or 33%,
in particular 25% to 35%. In this way 1t 1s possible to
compensate for the deformation of the base plate 16 occur-
ring between the supports 22, 24, 26 and 27 of the first
support system 28 when there are high workpiece masses, 1n
particular 1n the vicimity of the geometrical center 96, by

means of the second support system 30, by corresponding
control by means of the control device 32.

FIG. 5 shows an embodiment of a method 110 for
compensating for large workpiece masses.

In particular, 1n a step 112, there may first be provided a
coordinate measuring machine with a measuring system for
measuring a workpiece, which also has a carrier structure for
carrying the measuring system and a base plate for support-
ing the workpiece, wherein the carrier structure 1s movably
guided 1n at least one direction on the base plate, and
wherein the coordinate measuring machine also has a first
support system with at least three supports for supporting the
base plate, a second support system and a control device for
controlling the second support system on the basis of a force
applied to the first support system.

There 1s a step of calibrating 114 a reference state of the
base plate 16 by means of the first support system 28. This
reference state may for example comprise an inclination or
horizontal alignment and/or an application of force or an
existing pressure in the main spring devices 22, 24, 26, 27
of the first support system 28. In particular, the variable
representing a force applied to the first support system form
this reference state.
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There 1s then a step of arranging 116 a workpiece 14 to be
measured by means of the coordinate measuring machine 10
on the base plate 16.

As a consequence of this, the reference state no longer
applies to the first support system. In particular, the pres-
sures applied vary as a result of the higher force application
of weight; the mechanical control valve arrangements 1n the
supports 22, 24, 26 and 27 set other, higher pressures. There
1s possibly also an inclination of the base plate 16.

There 1s therefore a step of determining 118 variables that
represent the forces applied by the workpiece 14 to the at
least three supports 22, 24, 26, 27 of the first support system
28.

There 1s then a controlling 120 of the second support
system 30 by means of the control device 32, so that the
reference state 1s restored. This comprises in particular the
restoration of the pressures applied in the supports 22, 24,
26, 27 or the main air spring devices and of the first support
system 28. This ensures that the force of the weight applied
by the workpiece 14 1s determined by the second support
system 30. Also a possibly existing inclination or a moment
in the base plate 16 can be determined by the second support
system 30. Preferably an arrangement such as in FIG. 4 1s
provided for carrying out the method, so that a compensation
for applied weight forces and mduced moments and incli-
nations by the workpiece 14 can be completely compen-
sated.

In principle, in one embodiment, before carrying out the
controlling step 120 and after the determining step 118, there
may be a step 122, in which 1t 1s established that the forces
applied by the workpiece to the at least three supports of the
first support system 28 lie above a predetermined threshold
value. In this way 1t 1s ensured that the additional control by
the second support system 30 1s not switched off 1n the case
ol every workpiece 14, but only whenever there are particu-
larly high workpiece masses, and consequently there 1s the
probability of deformation of the base plate 16, which
necessitates additional support, and possibly necessary com-
pensation for moments and inclinations, of the base plate 16
by the second support system 30.

What 1s claimed 1s:

1. A coordinate measuring machine, with a measuring
system for measuring a workpiece, a carrier structure for
carrying the measuring system and a base plate for support-
ing the workpiece, wherein the carrier structure 1s movably
guided 1 at least one direction on the base plate, and
wherein the coordinate measuring machine also has a first
support system with at least three supports for supporting the
base plate, wherein the coordinate measuring machine also
has a second support system and a control device for
controlling the second support system dependent on a force
application to the first support system.

2. The coordinate measuring machine as claimed 1n claim
1, wherein the at least three supports of the first support
system are respectively formed by a main air spring device.

3. The coordinate measuring machine as claimed in claim
2, wherein the first support system has at least three control
valve arrangements for controlling the at least three main air
spring devices.

4. The coordinate measuring machine as claimed 1n claim
3, wherein the at least three control valve arrangements are
in each case a mechanical control valve arrangement.

5. The coordinate measuring machine as claimed 1n claim
1, wherein the first support system has four main air spring
devices wherein a first and a fourth main air spring device
are assigned a shared first control valve arrangement,
wherein a second main air spring device 1s assigned a second
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control valve arrangement, and wherein a third main air
spring device 1s assigned a third control valve arrangement.

6. The coordinate measuring machine as claimed 1n claim
1, wherein the first support system has at least three force
application sensors for determining a variable that represents
a force applied to at least one support.

7. The coordinate measuring machine as claimed 1n claim
6, wherein the determined variable 1s an air pressure.

8. The coordinate measuring machine as claimed 1n claim
6, wherein each control valve arrangement of the first
support system 1s assigned a force application sensor.

9. The coordinate measuring machine as claimed 1n claim
1, wheremn the second support system has at least one
secondary air spring device, which forms a support of the
second support system.

10. The coordinate measuring machine as claimed in
claim 1, wherein the second support system has at least three
supports, and wherein each support 1s formed by a secondary
air spring device.

11. The coordinate measuring machine as claimed in
claim 10, wherein the second support system has at least
three control valve arrangements for controlling the at least
three secondary air spring devices.

12. The coordinate measuring machine as claimed in
claam 11, wherein the at least three control valve arrange-
ments are 1n each case an electronic control valve arrange-
ment.

13. The coordinate measuring machine as claimed in
claim 1, wherein the second support system has four sec-
ondary air spring devices, wheremn a first and a fourth
secondary air spring device are assigned a shared first
control valve arrangement, wherein a second secondary air
spring device 1s assigned a second control valve arrange-
ment, and wherein a third secondary air spring device 1s
assigned a third control valve arrangement.

14. The coordinate measuring machine as claimed in
claim 1, wherein the second support system has at least four
secondary air spring devices, wherein the coordinate mea-
suring machine also has a number of control valve arrange-
ments corresponding to the number of secondary air spring
devices, and each control valve arrangement 1s assigned to
precisely one secondary air spring device.

15. The coordinate measuring machine as claimed in
claim 1, wherein a number of supports of the first support
system corresponds to a number of supports of the second
support system, and wherein a number of control valve
arrangements of the first support system corresponds to a
number of control valve arrangements of the second support
system, and wheremn a number of control valve arrange-
ments of the first support system corresponds to a number of
force application sensors for determining a variable that
represents a force applied to at least one support of the first
support system.

16. The coordinate measuring machine as claimed in
claim 1, wherein the supports of the second support system
are arranged between the supports of the first support system
on the base plate.

17. The coordinate measuring machine as claimed in
claiam 1, wherein the supports of the first support system
create a supporting area on the base plate, wherein the
supports of the second support system are arranged within
the supporting area on the base plate.

18. The coordinate measuring machine as claimed in
claim 1, wherein the base plate has a geometrical center, and
wherein a greatest distance of a support of the second
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support system from the geometrical center 1s less than a
smallest distance of a support of the first support system
from the geometrical center.

19. The coordinate measuring machine as claimed 1n
claim 1, wherein an area enclosed by the supports of the
second support system includes a geometrical center of the

base plate.
20. The coordinate measuring machine as claimed in

claim 19, wherein the area enclosed by the supports of the
second support system corresponds to between 20% and
40% of the size of an area enclosed by the supports of the
first support system.

21. The coordinate measuring machine as claimed in
claim 1, wherein the carrier structure 1s a gantry construc-
tion.

22. The coordinate measuring machine as claimed in
claam 21, wherein the gantry construction has a gantry
movably guided 1n a first direction (Y) on the base plate, a
carriage movably guided 1n a second direction (X), perpen-
dicular to the first direction (Y), on the gantry and a quill
movably guided 1n a third direction (Z), perpendicular to the
first (Y) and second (X) directions, on the carriage.

23. A method for compensating for large workpiece
masses on a coordinate measuring machine with a measur-
ing system for measuring a workpiece, a carrier structure for

10

15

20

16

carrying the measuring system and a base plate for support-
ing the workpiece, wherein the carrier structure 1s movably
guided 1n at least one direction on the base plate, and
wherein the coordinate measuring machine also has a first
support system with at least three supports for supporting the
base plate, a second support system and a control device for
controlling the second support system dependent on a force
application to the first support system, comprising the fol-
lowing steps:

calibrating a reference state of the base plate by means of

the first support system,
arranging on the base plate a workpiece to be measured by
means of the coordinate measuring machine,

determiming variables that represent the forces applied to
the at least three supports of the first support system by
the workpiece, and

controlling the second support system by means of the

control device in such a way that the reference state 1s
restored.

24. The method as claimed 1n claim 23, wherein, before
the controlling step and after the determining step, 1t 1s
established that the forces applied by the workpiece to the at
least three supports of the first support system lie above a
predetermined threshold value.
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